A survey and critical discussion is given of recent experimental investigations of thermodynamic and related properties ofwater, aqueous mixtures, other polar fluids, certain fused salts and fluid metals. Results cover a range of pressures to several kbar and of temperatures extending to tooooc and beyond.
INTRODUCTION
Polar and ionic fluids receive increasing attention for several reasons. lt is of interest to study fluids of particles with far-reaching intermolecular forces. They may ha ve peculiar critica1 properties and some of them possess high electrical conductance even at supercritical temperatures. In the dense supercritica] state polar fluids can be good solvents for a variety of solutes ranging from non-polar hydrocarbons to inorganic salts. In certain cases semiconductor and metallic behaviour occurs at very high temperatures and pressures
•
Dense polar and ionic fluids, particularly aqueous 'hydro thermal' fluids, are important transport media in the earth's crust and are studied extensively by geocbemists 2 . Certain properties of such hydrothermal solutions are of interest for high pressure power plant operation. Several crystal growth methods depend on polar fluids at high pressures and temperatures. New electrochemical processes which take advantage of the unusual properties of these fluids may become feasible. The available knowledge is still1imited, however, particularly for nonsaqueous fluids and at supercritical conditions. The necessity to use high pressure equipment at high temperatures and to overcome unusual corrosion problems limits progress in this field. Evidence from spectroscopic, dielectric, electrochemical and other sources must be used to supplement the thermodynamic knowledge. Transport properties are also of considerable interest. Therefore a selection of results from various fields will be presented and discussed in this paper.
The polar tluids to be considered here have small molecules with dipole moments of about one debye unit or more. Many of them have high critical temperatures and also high critical pressures. Figure 1 is a schematic P-Tdiagram 3 , showing a nurober ofphenomena which can be expected in super- Molecules +-------Atoms Pos.+neg. ions --+electrons
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~----------------------------------------------------------
T----~ Figure 1 . Schematic presentation of phenomena to be expected in polar fluids at supercritical temperatures and pressures. Vapour pressure curve and critical point at lower left 3 critical polar fluids. At low pressure, increase of temperature leads to thermal dissociation, ionization and finally to plasma states. At higher pressures, molecular association and subsequently ion formation and ion solvation can be expected. Completely ionized dense fluids can occur in the upper right region of the diagram and at extreme conditions transition to meta11ic states in certain cases has been predicted. Selected examples of critica1 temperatures and pressures for a few groups of fluids are shown in Table 1 . The critical temperatures of polar fluids are usually higher than those of non-polar fluids, and particularly high values are found for substances which solidify to ionic crystals. Thus only a small number of . salts · have been investigated as yet in their liquid-gas critical regions. This is also true formetals. At present experimental determinations of critical data are avaHable only for mercury and alkali metals. For other PURE POLAR FI .. UIDS As an example of a temperature-density diagram forapure polar fluid the diagram for water is given in Figure 2 . The gas-liquid critical point CP and the triple point TP are shown. The points on the dashed line extending to Transport properties of dense fluid phases arenot only related to certain thermodynamic properties but are also of importance for the kinetics of chemical reactions in such phases. Unfortunately very little information about diffusion coefTicients in water at high temperatures and pressures is available. Viscosity data, however, have been determined to 550 oc and 3.5 kbar 8 . It is interesting to observe the results plotted as supercritical isotherms from very low to 1iquid-1ike densities. Since the temperatur_e dependence in the dilute gas is positive, and negative in the dense fluid, there is a region at about 0.8 g cm - 3 where the temperature dependence is very small. The total increase in viscosity from nearly zero to high density at 400 and 500 oc is only by a factor of about five. Thus approximate estimates or viscosities with empirical equations are quite possible. Attempts to represent the experimental data for supercritical water with Chapman-Enskog equations using the hard sphere model were not satisfactory. however.
POLAR AND IONIC FLUIDS AT HIGH PRESSURESAND TEMPERATURES
Anomalies of the shear viscosity in the critical region of several gases have been observed, although they are very weak. Very pronounced anomalies, however, have been found for the specific heat and also for the thermal conductivity. This applies also to polar gases such as steam. Recently the thermal conductivity of steam between 370 and 520 oc to pressures of 500 bar could be measured 9 . In Figure 3 the 'anomalous' thermal conductivity ~). of steam is plotted as a function of density at constant temperatures. AA. is the amount by which the conductivity in the critical region exceeds the values obtained by a prescribed extrapolation from data far away from the critical point into the critical region. Even at 440 oc, that is 70 degrees above the critical temperature, a maximum in tbe critical density is clearly visible. The concept of scaling law relations has been applied to anomalous transport properties 10 . It has been shown, that the scaled anomalous thermal conductivity of steam in the range of Figure 3 is indeed a single-valued function of a variable x, which is a combination of reduced density and reduced temperature9.
The anomalous thermal conductivity and the abnormally high heat capacity of supercritical waterare not sufficient, however, to derive conclusive results for the extent of association by hydrogen bonds. More information about this has been o btained in recent years from infrared and Raman spectra. A nurober of infrared absorption cells have been designed which permit measurements witb corrosive fluids to 500 oc and to about 4 kbar. Synthetic sapphire windows and one-window reflection type arrangements are parti .. cularly useful. Raman cells with two or more windows can also be built for the same temperature and pressure range.
The oxygen-hydrogen stretching vibration of water molecules is strongly affected by hydrogen bonds:the frequency can be lowered by several hundred wavenumbers and the intensity is increased. In the infrared one observes a continuous decrease of intensity and rise in frequency with increasing temperature and falling density. With the exception of a slight asymmetry no indication of an increasing amount of "non-associated' molecules is visible. Rotational structure ofthe vibrationband does not occur until the density is reduced to about one-tenth of the normalliquid value 11 . Theinfrared vibration spectra of dense supercritical hydrogen fluoride 13 , hydrogen chloride 12 and ammonia 13 have a resemblance to that of steam. The Raman spectrum of water is different, as shown in Figure 4 14 . Here the relative intensity of the OD~valence Vibration band of HDO molecules diluted in H 2 0 at a constant density of 1 gcm-3 is given for several temperatures. The bands were obtained with argon laser irradiation. In the dilute gas the band centre of this vibration is close to 2 700 cm-1 , as in the infrared.
At 25 oc the maximum of the Raman band isatabout 2 500 cm -l, indicating the intermolecular association. A shoulder at 2 650 cm-1 is clearly visible. If the temperature is raised to 400°C anew band seems to appear at the position of this shoulder. This shoulder and band at 2650 cm-1 has been considered as an indication for water moJecules which are not hydrogen bonded but which nevertheless interact strongly with each other 15 • The total band can be separated into two components with maximum frequencies at 2 500 and 2650 cm -1 • Using certain assumptions one can derive from the temperature dependence ofthe intensity ofthese two bands an energy oftransition between the 'bonded' and 'non-bonded' states which is about 2. 15 . Even at supercritical temperatures and critical density a certain degree ofhydrogen~ bond association can apparently be expected in water. Analogous results were obtained for hydrogen fluoride 13 . The static dielectric constant of polar fluids is to a certain extent determined by structural properties. This applies particularly to water, where the hydrogen bond association in the supercritical dense phase should influence the dielec~ tric constant. This quantity could be measured with frequencies to about 1 MHz to temperatures up to 550 oc and to pressures extending in some cases to 5 kbar. Gold-palladium condensers of variable geometry within a corrosion resistant cylindrical autoclave were used. Water 16 , pure hydrogen chloride 17 , methanoP 6 and ethanoJ1 6 have been investigated. Figure 5 gives the two gas-liquid coexistent curves of HCI and H 2 0 in a diagram of reduced temperatures and densities 16 • 17 , where the two critical points coincide. Within the homogeneaus region are the curves of constant values ofthe dielectric constant ofthe two fluids.lt is obvious that the familiar Pr:: critical temperature and density 17 very high va] ues for water occur only at low temperatures and high densities in the lower right corner of the diagram. Even at supercritical temperature and at about half the liquid density, water is still an electrolytic solvent with dielectric constants around 10 or 15. Hydrogen chloride has much lower values at corresponding states. The 'Kirkwood correlation factor' has been evaluated for both fiuids. The degree to which it exceeds unity indicates deviation from random distribution of the molecular dipoles. At the critical density and at a reduced temperature of 1.2, that is at 500°C for water and 115 oc for HCl, the Kirkwood factors are 1.5 and 1.05 respectively. This expresses the considerably higher degree of orientation in water. Conclusions concerning hydrogen bond association cannot be derived from this factor with certainty, however, since the dielectric constants of these dense supercritical fluids can also be calculated by means of the 'mean spherical moder treatment, assuming hard spheres with imbedded point dipoles 18 . A combined increase in temperature and pressure should enhance the ionization of such polar fluids as exhibit a small degree of ion formation already at room temperature. This has been confirmed by electrical conductance measurements in shock waves 19 and under static conditions with water 20 and pure ammonia 21 • With watet these measurements could be extended to 1 000°C and to about 100 kbar, with ammonia to 600°C and 40 kbar. In water the maximum specific conductance which could be obtained is about 1 n-1 cm-1, comparable to the specific conductance of concentrated aqueous electrolyte solutions at room temperature.ln ammonia the highest conductance was around 0.01 n-1 cm - 1 . This enormous increase in conductance in comparison with that of the flUids at normal conditions indicates a corresponding increase in the degree of ion dissociation of these pure fluids. It is caused by high volume decreases and positive enthalpies connected with tbe ionization reactions as shown in 3 at high supercritical temperatures. Considering the existing results, this seems probable. An analogous transition into an ionic state may also be possible for other highly compressed polar fluids with small molecules.
MIXTURES
In dense supercritical water the intermolecular association is considerably reduced and one could expect a much higher miscibility witb non-polar fluids than in ordinary water. This miscibility of non-polar components with water or other comparable fluids can be describe<l with three-dimensional pressure-temperature-composition diagrams. Binary systems bave a critical curve in such diagrams extending uninterrupted betwcen the two critical points if the partners are not too different, as for example ethane and hexane. If there are greater differences in size, polarity or otherwise, the critical curve is often divided into two branches. The upper branch is of particular interest. It begins at the critical point of the higher boiling pure component and proceeds to lower mole fractions and higher pressures. Ifthis branch ofthe critical curve remains above the critical temperature of this component, it is often classified as of 'Type I'; if it passes through a temperature minimum it would be of 'Type II'. Such phenomena were predicted by van der Waals and were demonstrated experimentally first with ammonia and nitrogen in 1940 22 . Since then many other examples have been found; most of them are reviewed in a comprehensive survey 23 . A detailed analysis ofthe types of critical curves and ofpossibilities ofpredictions has recently been given 24 . Such possibilities are as yet very restricted, however, if polar components are involved. Figure 6 sbows a number of critical curves of binary aqueous systems determined in recent years. The region of complete miscibility is always on the high temperature side. One can have homogeneaus mixtures of Jiquid-1ike densities at all concentrations if the pressure can be raised to about one or two kbar in this temperature range. For all these systems a portion of the boundary surface of the two-phase region has been determined which extends to the left of these curves.
In Figure 7 an analogOU;$ set of three critical curves is shown for systems containing ammonia. All the curves of 
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Raman studies have so far been unsuccessful because offluorescence. Infrared investigations may be fruitful. Another special case is water-carbon dioxide, where the low critical temperatures at high pressures indicate a specific interaction, which is apparently verified by infrared absorption as shown below (Figure 9) .
The proposed procedure 24 to calculate critical curves for van der Waals binary mixtures was tried with three systems containing a polar component, namely water-argon, water-xenon and water-methane. A quantitative description could not be obtained, but it is correctly predicted that H 2 0 -Ar should be of Type I and both H 2 0-Xe and H 2 0-CH 4 of Type Il 25 . It is interesting to observe in Figure 6 that at 2 kbar the critical temperatures of five systems with non-aqueous partners as different as benzene and argon are within a range of only 50 degrees and close to 64 7 K, the critical temperature of pure water. The slope of the curves in this region is also similar. A theoretical description of phase separation in this region of dense fluids may be easier than at lower pressures.
For several of the above-mentioned systems the density in the supercritical homogeneous state has been measured and excess volumes could be calculated. Figure 8 gives an example : the experimentally determined excess 40 - 
POLAR AND IONJC FLUIDS AT HIGH PRESSURESAND TF.MPERATURES
The critical curves of Figure 6 indicate the possibility of a specific interaction between water and carbon dioxide. To obtain more information about this, infrared spectra have been measured as shown in Figure 9 , with the absorption caused bythe OD-valence vibration ofHDO in H 2 0 with added Xe and C0 2 26 . The water density, 0.17 g cm- 3 , is constant for all curves and the concentration of the second component is increased. Xenon changes the absorptionband only slightly, while carbon dioxide in high concentrations produces a second band around 2 700 cm -t. Since Xe and C0 2 are comparable in size, the spectrum indicates a specific C0 2 -H 2 0 interaction. The nature of it is not yet sufficiently understood, however. Raman spectra at these conditions should be useful. Although the dielectric constant of dense supercritical water is much Iower than at normal conditions, it is still high enough to permit the electrolytic dissociation of dissolved salts, and ion hydration is possible. Thus ion formation can be demonstrated in many ways, particularly by conductance measurements. Numerous such determinations have been made with acids, bases and salts, dissolved in subcritical and supercritical water, which cover a very wide range of electrolyte concentrations. As an example only a summary of results for dilute aqueous KCI solutions obtained by several authors and laboratories is given in Figure 10 27 . Isotherms of the specific conductance of KCl for pressures from one to twelve kbar are shown, which extend to 800 °C. The data have been compiled and critically reviewed. The initial increase of the isobars is tobe expected as a consequence of the decreasing viscosity and increasing ion mobility. Above about 400 oc the isobars decrease strong1y at lower pressures and slightly at the highest pressures. Qualitatively it can be assumed that ion pair association becomes important above 400 oc and that the product of dielectric constant and temperature at constant density varies little under these conditions. Furthermore, the viscosity does not change very much at densities higher than about 0.5 g cm-3 and supercritical temperatures. Thus it appears that it will not be possible to raise the specific conductance of strong electrolytes at given concentrations in dense supercritical water higher than tenfold the value at ordinary conditions. New determinations with salt concentrations up to about ten molal show that the conductance of such aqueous solutions at several hundred degrees centigrade and several kbar approaches the conductance of fused salts at comparable conditions 28 . IONIC FLUIDS Experimental work on thermodynamic properties at critical or supercritical conditions for ionic fluids is still very limited. The reasons are obvious: corrosion of such fluids is severe, critical temperatures arehigh and unusual materials and structures may be necessary to contain the high pressure fluid. Knowledge of the density as a function of temperature and pressure over a wide range of conditions is not only desirable as such but also as a basis for the theoretical discussion of electrical, spectroscopic and other data. Partial molar volumes, derived from density measurements of mixtures, permit conclusions on structural and solvation phenomena. Partial molar volumes of subcritical concentrated aqueous solutions at elevated temperatures and pressures have been determined by several authors in recent years 29 . contains the sample cell which consists of a nicke! bellows. This cell can be charged at room temperature with liquid solution or a solid salt. It can be rotated magnetically to stir the contents at high temperatures and pressures. Argon gas, water and sample are always maintained at equal pressure by means of a separator using mercury. Since the amount ofwater in the heated cylinder can be determined with a magnetic float on the mercury, the density ofthe sample can be derived from the volume of the cylinder and the known PVT data of pure supercritical water.
Among the more simple salts, bismuth trichloride is one with a relatively low critical point at 905 oc as shown in Table 1 . Its specific electric conductance as a liquid above the melting temperature at 250 oc is high: 0.4 Q -
lt can be considered as almost completely ionized at these conditions. It is interesting to investigate the ionic dissociation at supercritical temperatures and densities and try to obtain information about ionization in the critica1 region. Forthis purpose, electric conductance and density were measured to 1200 oc and 4 kbar, that is over a range of about 300 oc in the supercritical region 31 . An internally heated and argon filled autoclave with silica sample cells was used. Results are summarized in Figure 12~ where the logarithm of a 'degree of dissociation' CJ. of bismuth trichloride is plotted as a function of salt density at constant and partly supercritical temperatures. In order to calculate cx it had to be assumed that BiCl! and BiC14 are the dominant ions in the fluid and estimates of the ion mobilities had tobe made. The assumptions invotved can be well justified. It appears that in the critical region t!le fluid bismuth trichloride is a good conductor but the degree of ionization is only around one per cent. Increase of density, however, leads to an almost completely ionized fluid. Thus it can be expected that bismuth trichloride in properties. The critical exponent ß, derived from the relation (liquid densitygas density) = (T -J";;riticaJß, was indeed found to be 0.33 as for many non-polar fluids. At present there is perhaps only one known group of fluids where ions prevail in the critical region: some of the ammonium halides. Recent experimental results for ammonium chloride will be discussed here. The equilibrium pressure of the solid-gas system of NH 4 Cl has been measured by several authors 32 . The triple point temperature and pressure have been determined to be 520 oc and 47.5 bar 33 . The melting pressure curve was determined to about 40 kbar 34 . Recent measurements have shown that ammonium chloride has a normal vapour pressure curve above the triple point and behaves as a one-component system in this respect. The critical point was found at 882 ± 15 oc and 1635 ± 20 bar 35 . In addition, density measurements could be made in the coexisting gaseaus and liquid phases to about 850 °C. Several high pressure cells made mainly from sapphire and gold-platinum parts were used for these measurements. A nurober of results are shown in Figure 13 which gives equilibrium densities at subcritical temperatures.
This coexistence curve is narrower at high er temperatures than corresponding curves for non-polar fluids. Figure 14 shows in a double logarithmic plot the Iiquid-gas density difference as a function of (I'c -T) for a variety of different substances. The slope, ß, is given for each ofthe almest linear curves. The small number ofpolar substances for which the conditions of complete ionization in the dense supercritica1 fluid have been investigated can perhaps be divided into three groups 31 . The reduced density Pr = pj Pc necessary to achieve complete ionization is Pr ~ 1 for NH 4 Cl, Pr ~ 3 to 4 for BiCl 3 and mercury halides, Pr ~ 6 to 7 for H 2 0 and NH 3 . The triple point liquid density is usually Pr ~ 3.
METALS
Fluid metals are another group of substances with high electric conductance at dense supercritical conditions. There are, however, fundamental differences between the properties ofthese and those of the polar compounds discussed above. Gaseaus metals at low density already undergo normal thermal ionization at relatively moderate temperatures. If the density is increased. one observes a growth of conductance indicating a concentration of charge carriers much higher than what could be expected from the ionization energy of the isolated metal atoms. This increase of conductance with density by many orders of magnitude can be followed continuously at supercritical temperatures. The critical points of metals, however, are unusually high and only very few are known at present. Extensive density and electrical conductance measurements with mercury were made by several authors 38 -40 . Figure 15 presents isotherms of the specific conductance of mercury as a function of pressure. In the critical region the values arehigh (between 0.1 and 1.0 n-1 cm - 1 ) hutstill four or five orders of magnitude lower than in a normalliquid metal.
The mostprobable value for the critical density is 5.3 g cm - 3 • It has been shown by absorption spectroscopy that with increasing pressure the minimum gap between the widened cr examination reveals, however, that genuine metallic behaviour for bivalent fluid mercury does not necessarily already occur when this overlap is still smalL Because of a certain degree of electron 1ocalization, the appearance of metallic conductance and the first overlap of the valence band with the next higber unoccupied band does not coincide. In the critical region mercury is not dense enough to be called a 'metalJic gas'. This state is reached only at densities of 9-10 g cm - 3 . The situation is different for caesium and the other monovalent alkali metals.
Apart from mercury, caesium 42 and potassium 43 are the only metals for which the complete vapour pressure curves and the critical data have as yet been determined experimentally. Wel!-founded estimates for the critical points of the remaining alkali metals are available, however 44 • 45
. The most recent experimental determination of a full vapour pressure curve was made for potassium 43 . The authors have used an autoclave with internal heater into which the cell containing liquid potassium was placed. The remaining internal space of the autoclave was filled with pure argon gas, the pressure of whicb was equilibrated with the potassium pressure inside the cel1. At moderate temperatures the liquid potassium in the cell was subjected to a constant 465 pressure and then heated. The formation of a vapour phase could be detected by sharp decreases of electric conductance and thermoelectric power.
In Figure 16 the essential part of the cell is shown. It is made from 75% W :25% Re alloy and of cylindrical shape. Since no insulating material compatible with potassium above 1 000 oc was available, the resistance of the whole cell between top and bottom, that is the parallel resistances of the solid wall and the fluid contents. had to be determined simultaneously. In to pressure balance Figure 16 . Cell for conductivity, thermoelectric power and vapour pressure measurements with alkalimetals to 2500 K at elevated pressures 38 order to faci1itate the subsequent derivation of the potassium conductanoes from these resistances, the cylindrical wall of the W /Re alloy was machined to a thickness of only 0.13 mm. Diameter and length of the cylindrical cell were 7.1 and 26 mm. The thin cell wallwas electron-beam welded to the cell base and capillary, also of W /Re. Four thermocouple wires of 97 %W :3% Re and 76 %W :24% Re were fixed to the cell to create a four-terminal resistance for conductance measurements. Temperatures at the top and bottom of the cell and the thermoelectric voltage for a given temperature gradient between top and bottom could thus be measured. Figure 17 . Fluid potassium: pressure dependen<;e of the specific conductivity to 2l00°C and vapour pressure curve to the critica1 point 38 argon. This suggests that corresponding state considerations cannot be applied taking metals and non-metals as one group. lt may be feasible, however, to derive properties of one metal from those of others. Figure J7 (a) can be compared with the analogaus diagram for mercury (Figure 15 ). Because of experimental reasons specific conductances a of fluid potassium could only be measured above 300 n-1 cm-1 and the data for this metal are more limited. It is nevertheless obvious that in the critical region a will be araund 100 Q-1 cm-1 , that is two orders of magnitude higher than in the critical region of mercury. This and additional evidence from the isochoric temperature dependence of the conductance and from the thermoelectric power show that potassium in the critical region can be considered as 'metallic'. Mercury has to be compressed to about 9 g cm - 3 to reach this state. This is consistent with the theoretical conclusion that metallic behaviour should begin when the density of electron states in the vicinity of the Fermi energy approaches and exceeds 30 per cent of the free electron density of states. CONCLUSION Finally, returning to Figure 1 , one can see that examples for most of the phenomena expected in supercritical phases have been observed, although with different substances. It appears that a comprehensive description of the diverse aspects of high temperature fluid behaviour will become possible in the futurc. A great deal of interesting exploratory experimental work remains to be done. Critical points of heavier metals investigated by transient methods, mixtures of metals with fluid hydrides, mixtures of fluid salts with non-polar and polar gases at high pressures, metal complex compounds in supercritical aqueous solutions, critical surfaces of selected ternary systems, may be some of the fields in which future research could produce results of considerable basic and practical interest.
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